For these particles. the oxygen-enhancement effect on radiation damage decreases to nearly unity. This is of particular intere st for medical applications of neutrons in the treatment of malignant diseases.
,/,-We studied in this report how an intense and fairly monochromatic neutron beam could best be produced. Economic considerations suggest that energy requirements for the neutron beam not be excessive. We concentrated therefore on a neutron beam of about 25 to 30 MeV with a half width of a couple of MeV. This energy region is accessible for a number of existing high-current accelerators --at LRL, the 88-inch sector.;.focused cyclotron.
This report discusses intensity estimations for neutron beams, and is based on averaged and interpolated values from published and unpublish'ed sources. In making these estimates, we have assumed realistic values fo'r the distances from the neutron source to the exposure area. ,The distance assumptions are necessary for two reasons: (a) to allow for the installation of sufficient shielding to reduce the background radiations inthe irradiation area, and (b) to allow for neutron beam divergence so that reasonably large objects can be irradiated uniformly.
Neutron Production
There are essentially three neutron production processes for neutrons between 25 and 30 MeV.
They are (p, n) reactions, (d, n) stripping reactions, and the final-state T(d, n)4He reaction. Most of the work done on stripping reactions is in the field of low energy in order to obtain info'rmation about nuclear states and to check the validity of Butler's stripping theory. 3 At higher energies For monoenergetic neutrons, most of the available experimental data are from the (p, n) reaction in light nuclei. The reason for this is that (a)" most accelerators ac,celerate protons only, and' (b) the neutron energy from stripping is only half the deuteron energy, whereas .the neutrons from (p, n) have a peak at the proton energy less the Q value.
In the following, we compare the three types of reactions with respect to intensity, monochromatic behavior, and angular distribution.
Neutrons Produced by Deuteron Stripping
For the required neutron energy, 25 to 30 MeV; we need information about the stripping cross Neutrons of al1 energies were measured in this eXperiment. Also" this cross section is an upper, limit for the stripping reaction. In his report, 11 Shielding for the 70-Inch Cyclotron Experimental Facility at USNRDL, 11 12 Moyer gives a compilation of available data comparing neutron production for protons up ,to 100
MeV and deuterons up to 50 MeV. He mentions that the actual data inmost cases are obtained by reasonable interpolations from published information; For neutrons produced by 50-MeV deuterons he obtained the curves reproduced in E:ig~ 4.
Essentially three processes are responsible for the neutron production in Be when bombarded with deuterons:
(a) stripping of a deuteron by theBe, (b) direct interaction, producing a recoiling neutron, (c) evaporatien of ne'utrons.
All these ~recesses contribute to, the' tetal neutren yield.
The numbers given above are tetal yields, and therefere the neutrons are from all three types of reactions. However, for applications in biological or medical experiments it is important,te have a neutren beam with a small centribution ef lew-energy neutrens.
The neutron spectra produced by stripping are Gaussian-like distributions with a maximum at one-half the deuteron energy ( The angular distributien for stripped neutrons follows a Gaussian distribution, 13
For neutrons from 190-MeV deuterons, Helmheltz et al. 14 measured an angulc>.r width of 0.15 radian, which is in agreement with the Serber model. In contrast to the stripping reaction, the t spectra from evaporation and direct processes vary considerably with the target element. Using the experimental data of Bostick 15 and Adelson, 16 Moyer has construct~d neutron spectra from Be bombardment with 60-MeV deuterons. These spectra are reproduced in Figs. 6 and 7, and are the basis for the sm.ooth spectra given in Fig. 4 . For Ed = 60 MeV the total em.ission spectrum. gives a yield of 2.3X10-1 neutrons/deuteron for a thick Be target 17 (Fig. 2) .
From. a com.parison of the total neutron yields and the stripping cross sections. it is obvious that for a m.onoenergetic neutron beam. with a sm.all contribution of low-energy neutrons. beryllium.
or possibly lithium. should be used as a stripping target and not heavy elem.ents.
Cross -section estim.ates· can also be obtained from. the inverse reaction. the pickup reaction.
which has a sim.ilarreaction probability--m.ore precisely. the cross section of the pickup rt'!action is a lower lim.it for the stripping reaction. In stripping at 60 MeV. both .particles --the proton and According to Batty, at higher proton energies Li and D still seem to be a suitable ta~get material for a monoenergetic neutron beam. However, according to the neutron spectra given by
Moyer for 100-MeV protons on Be the neutron energy peak is rather broad, even at 0 deg (Fig. 10) .
The low-energy neutrons are much more abundant when Be is used instead of D or Li.
The 3H ( This holds up to a factor of (BdX EO/Z) 1/Z; identical to a student distribution which is given by 
